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E-mail address: elemosy@mcg.edu (E.K. LeMosy).During Drosophila embryogenesis, establishment of ventral and lateral cell fates requires spatial
regulation of an extracellular serine protease cascade composed of Nudel, Gastrulation Defective
(GD), Snake, and Easter. Pipe, a sulfotransferase expressed ventrally during oogenesis, sulfates
secreted targets that somehow confer positive spatial input to this cascade. Nudel and GD activation
are pipe-independent, while Easter activation requires pipe. The effect of pipe on Snake activation
has been unknown. Here we show that Snake activation is cascade-dependent but pipe-indepen-
dent. These ﬁndings support a conclusion that Snake’s activation of Easter is the ﬁrst spatially reg-
ulated step in the dorsoventral protease cascade.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Spatial regulation of secreted signaling ligands is an essential
and recurring theme during embryonic development. Speciﬁcation
of ventral and lateral cell fates in the early Drosophila embryo re-
quires formation of a nuclear concentration gradient of the tran-
scription factor Dorsal [1]. Translocation of Dorsal to the nucleus
is the direct result of ventrally localized activation of the plasma
membrane receptor Toll. Upstream of Toll, a morphogen gradient
of its ligand, a proteolytically activated form of the NGF-related
signaling molecule Spätzle, is produced within the extracellular
perivitelline space by a proteolytic cascade comprising the serine
proteases Nudel [2], Gastrulation Defective (GD) [3], Snake [4],
and Easter [5]. The ﬁnal protease Easter activates Spätzle by cleav-
age [6,7].
Expression of a golgi-localized sulfotransferase, Pipe, within a
ventral subset of somatically-derived follicle cells surrounding
the developing oocyte provides key spatial information essential
for Spätzle activation [8]. Pipe sulfates several glycoprotein targets
that are secreted and appear to become embedded in the vitellinechemical Societies. Published by E
rophosphonatemembrane layer of the eggshell [9]. One or more of these Pipe tar-
gets, perhaps acting as positive cofactors, are required for activity
of the protease cascade.
We have previously shown that processing of Nudel and GD
proteases to apparently active forms occurs independently of pipe
function [10,11], while Easter activation does not [12]. Processed
forms of Snake in vivo have not been described, so the role of pipe
in Snake activation has remained uncertain. It is essential that the
ﬁrst pipe-dependent step within the proteolytic cascade be identi-
ﬁed in order to elucidate the mechanism of its spatial control. Here
we report detection of a processed and active form of Snake that is
cascade-dependent, yet pipe-independent. These ﬁndings signiﬁ-
cantly contribute to our understanding of the dorsoventral pattern-
ing pathway by demonstrating that Snake’s activation of Easter is
the ﬁrst spatially regulated step within the proteolytic cascade.
2. Materials and methods
2.1. Fly stocks
The wild-type strain was Oregon R. Allelic combinations used to
generate adult female ﬂies mutant for individual dorsal-group
genes included snk229/Df(3L)Exel8157, pip386/pip664, ndl111/
Df(3)CH12, ea4/ea5022rx1, gd7/gd7, and gdVM90/gdVM90; informationlsevier B.V. All rights reserved.
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Ovaries and embryos derived from these females are referred to
as snk, pipe, ndl, ea, and gd, respectively, because they lack
critical maternal function in these genes. cDNA constructs express-
ing myc-tagged forms of wild-type (SM), catalytic serine mutated
to alanine (SMSA), and zymogen cleavage site-mutated (SNKK)
Snake zymogens have been previously described [11]. These con-
structs have been inserted into pGerm8 vector for constitutive
expression in the female germ-line and mRNA transport into the
oocyte [13]. Transgenic ﬂy lines were generated in a w1118 back-
ground using conventional P element-mediated transformation
[14]. The wild-type tagged SM has proteolytic activity in S2 cells
[11] and can rescue embryos to hatching when injected as mRNA
(Ellen K. LeMosy, unpublished).
2.2. Immunoblot analysis
Ovaries were dissected in cold Ringer’s solution. Equal numbers
of Stage 14 egg chambers or non-dechorionated laid eggs (0–4 h
collection, unless otherwise noted) were homogenized on ice in
2 Laemmli sample buffer containing 100 mM dithiothreitol
(DTT) and 5 protease inhibitor cocktail. Samples were loaded
on 13% SDS–PAGE gels. Typically, 12–15 Stage 14 egg chambers
or embryos were loaded per lane. Western blots of proteins sepa-
rated on these gels were probed with afﬁnity-puriﬁed rabbit poly-
clonal anti-SNKCAT (1:500; [15]), or with monoclonal anti-myc
(9E10; 1:1000; Santa Cruz Biotechnology). Blots were incubated
in appropriate HRP-conjugated secondary antibodies (1:80 000;
Jackson ImmunoResearch) and detected with SuperSignal West
Femto Substrate (Pierce).
2.3. Labeling active serine proteases
Constructs encoding functional HA-tagged GD and/or myc-
tagged Snake (SM) were transiently transfected in Drosophila S2
cells (Invitrogen) using a calcium phosphate protocol [16]. Proteins
from transfected cell media were precipitated with ammonium
sulfate (80% saturation) for 1 h at 4 C. Precipitated proteins were
dialyzed into 50 mM Tris, pH 7.5, then incubated with either
monoclonal anti-HA (Covance, Princeton, NJ; [11]) or anti-myc
(9E10; Santa Cruz Biotechnology) antibodies overnight at 4 C at
a dilution of 1:200. Protein–antibody complexes were captured
on Protein G-Sepharose beads (Amersham) and labeled with ﬂuor-
ophosphonate (FP)-rhodamine (4 lM ﬁnal concentration) inFig. 1. Endogenous Snake zymogen was detected during oogenesis and embryogenesis. (A
and embryos (Emb; lanes 5–6), but was absent in snk Stage 14 egg chambers (lanes 3–
embryogenesis in WT (lanes 5–8), gd (derived from gd7/gd7 females; lanes 1–4), and pip
marked with arrows. Molecular weights are indicated with a straight line.50 mM Tris–HCl, pH 7.5 at room temperature for 1 h. The reaction
was quenched with 2 Laemmli sample buffer containing 100 mM
DTT. Samples were run on 10% SDS–PAGE gels and analyzed with a
Hitachi FMBio IIe ﬂatbed ﬂuorescence scanner (MiraiBio).
3. Results
Anti-SNKCAT recognized a 52 kDa band corresponding to the
size of the Snake zymogen in wild-type Stage 14 egg chambers that
was absent in egg chambers of snk mothers (Fig. 1A). This Snake
zymogen band was consistently reduced in intensity in wild-type
embryos compared to Stage 14 egg chambers and was lost over
the ﬁrst 3–4 h of embryogenesis (Fig. 1B, lanes 5–8). This reduction
of the Snake zymogen could also be observed in embryos derived
from gd-mutant females (Fig. 1B, lanes 1–4), indicating that it is
not cascade-dependent thus likely represents normal turnover of
the protein. In no case were we able to detect processed forms of
endogenous Snake with anti-SNKCAT.
Using transgenic ﬂies expressing myc-tagged wild-type Snake
(SM), we were able to observe processing of the 63 kDa tagged
zymogen to a C-terminal 57 kDa form recognized by both anti-
SNKCAT and the anti-myc antibody. This processing occurred only
in embryos and was not observed in Stage 14 egg chambers
(Fig. 2A, lanes 3–4 and Fig. 2B, lanes 3–4). The presence of this band
relied on the activity of the upstream proteases Nudel (Fig. 2A, lane
6) and GD (Fig. 2B, lane 8) but not on the downstream protease
Easter (Fig. 2B, lane 10), which is consistent with cascade-depen-
dent activation of Snake. Interestingly, this cleavage product was
formed perfectly well in embryos derived from pipe-mutant moth-
ers (Fig. 2B, lane 6).
Processing of serine proteases typically occurs at the zymogen
cleavage site and would be expected to produce an 42 kDa
form of SM (catalytic domain only plus tag; [11]). To conﬁrm
that the 57 kDa processed form of Snake represented an active
form of the protein, we performed activity-labeling with FP-rho-
damine. This small-molecule probe forms an irreversible cova-
lent bond with the active site of serine proteases, but not with
their inactive or inhibited forms [17–19]. In cell culture, an ac-
tive Snake doublet at 57 kDa was detected only in the presence
of GD (Fig. 3, lanes 2 and 3), which biochemical and genetic
studies suggest activates Snake [7,11,20,21]. The presence of Eas-
ter (lane 3) did not affect production of the 57 kDa form. No ac-
tive forms of Snake were detected in transfections with SM alone
(lane 8), demonstrating that the zymogen form is not active.) A 52 kDa band was observed in wild-type (WT) Stage 14 egg chambers (lanes 1–2)
4) and embryos (lanes 7–8). (B) Snake zymogen was reduced over the ﬁrst 3–4 h of
e (lanes 9–12) embryos. In all Figures, positions of relevant Snake or GD bands are
Fig. 2. Processing of myc-tagged Snake (SM) is cascade-dependent but does not require Pipe. The SM zymogen (63 kDa) is detected in S14 egg chambers (lane 3) and embryos
(lane 4) using either anti-SNKCAT (panel A) or anti-myc (panel B) antibodies. In embryos only (lane 4), an additional 57 kDa processed product is seen, while the anti-SNKCAT
antibody also recognizes the endogenous 52 kDa Snake zymogen (panel A). The 57 kDa embryo-speciﬁc processed SM form is not present in embryos lacking Nudel (lane 6,
panel A) or GD (derived from gdVM90/gdVM90 females; lane 8, panel B), but is present in embryos lacking Easter (lane 10, panel B) or Pipe (lane 6, panel B).
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construct in which the catalytic serine was mutated to alanine
(SMSA). No active forms of Snake were labeled in samples with
SMSA alone (lane 6). Furthermore, the 57 kDa Snake doublet was
not present in transfections with non-catalytic Snake and GD
(lanes 4 and 5). These ﬁndings conﬁrm that the 57 kDa form
of Snake, although atypically processed, is active. During these
experiments, we also detected active forms of GD. A doublet cor-
responding to the previously described 46–50 kDa GD doublet
[11] was observed in the presence of Snake (lane 1). In addition,
the GD zymogen (GDZ) also demonstrated strong activity-label-
ing (lanes 1, 4, 5, and 7).Fig. 3. Active forms of both Snake (57 kDa) and GD (50 and 46 kDa doublet) were
detected. In addition, the GD zymogen (GDz) was activity-labeled. Proteins from co-
transfections in S2 cells were immunoprecipitated with either anti-HA or anti-myc
antibodies. Immunoprecipitates were incubated with FP-rhodamine, to label active
serine proteases. Samples were separated on a gel and scanned directly for
rhodamine ﬂuorescence; the resulting gel is shown in grayscale.4. Discussion
Processing of endogenous Snake at its conserved zymogen
cleavage site was expected on reducing gels to produce either
the Snake catalytic domain (29 kDa) or a non-reducible covalent
complex between the Snake catalytic domain and a serpin-type
protease inhibitor (80 kDa) as was seen for activated Easter
[22]. However, no processed forms of endogenous Snake were ob-
served, suggesting that the activated form of Snake is a minor spe-
cies and difﬁcult to detect.
Using transgenic ﬂies that over-express SM, we detected a cas-
cade-dependent 57 kDa cleavage product that appears to result
from atypical processing within the pro-domain during embryo-
genesis. Detection of a similar Snake cleavage product has previ-
ously been reported in S2 cell and baculovirus expression
systems for both SM and untagged Snake [15,23], and we have ob-
served similar processing of Snake-HA following injection of its
mRNA into embryos (Ellen K. LeMosy, unpublished). These ﬁndings
suggest that this is a characteristic processed product of Snake aris-
ing independently of the presence or absence of a particular tag.
However, it was uncertain if this product represented activated
Snake at all, or perhaps a catalytic domain-serpin complex that
had undergone an extra cleavage.
FP-rhodamine is a sensitive and speciﬁc reagent for detecting ac-
tive formsof serineproteases, and is broadly reactive independent of
substrate binding site speciﬁcity in contrast to previously described
chloromethylketone reagents [20] that in our hands have not given
reproducible results for the dorsoventral proteases. Using activity-
labeling with FP-rhodamine we conﬁrmed that the 57 kDa pro-
cessed product represented an activated form of Snake, suggesting
that Snake undergoes an atypical activating proteolysis within its
pro-domain. In results described in Supplementary data, we have
also found that generation of the 57 kDa form in vivo does not rely
on either Snake’s own catalytic activity (when catalytic serine-inac-
tivated SMSA is the only Snake present, Fig. S1) or Snake’s conserved
zymogen cleavage site (when mutant SNKK is the only Snake pres-
ent, Fig. S2). These ﬁndings conﬁrm that the 57 kDa form does not
represent a catalytic domain-serpin complex since the catalytic ser-
ine is essential for forming a covalent bond with serpins [24].
Although SNKK undergoes processing to a 57 kDa form, this mutant
has no rescuing activity by injection of its zymogen mRNA in snk-
mutant embryos [23]. It is possible that mutations at the conserved
3560 P.W. Steen et al. / FEBS Letters 584 (2010) 3557–3560zymogen cleavage site alter the conformation of the Snake catalytic
domain independently of cleavage at that site, precluding the ability
of a 57 kDa SNKK form to activate Easter.
In the FP-rhodamine labeling studies, we also detected a GD
doublet at 46–50 kDa that is active. This ﬁnding was consistent
with processed forms of GD observed in cell culture and with a
46 kDa product observed in embryos but not ovaries [11]. Interest-
ingly, the GD zymogen was also strongly labeled. Genetic studies
have suggested that the GD zymogen possessed activity in vivo
[20], consistent with our labeling results. In addition, we observed
that the 46 kDa active form of GD co-precipitated with activated
Snake (Fig. 3, lanes 2 and 3), suggesting the presence of an acti-
vated GD/Snake complex. Similarly, in preliminary immunoprecip-
itation results in embryos expressing both GDHA and SM proteins,
we observed with anti-HA antibody the co-precipitation with GD
of the 57 kDa Snake form but not the SM zymogen (Ellen K. Le-
Mosy, unpublished). This result provides further indirect evidence
that the 57 kDa processed form has functional relevance in vivo. In
contrast, the active GD zymogen appeared to preferentially associ-
ate with the SMSA zymogen in anti-myc immunoprecipitations
(Fig. 3, lanes 4 and 5). This result suggests that stabilization of a
complex of the GD and Snake zymogens occurs when the Snake
present is incapable of reciprocal processing of GD that appears
to drive generation of the cleaved forms of these proteases in the
S2 cell co-expression system [11]. Future investigations of such
complexes in vivo may further elucidate the mechanisms regulat-
ing activities of the GD and Snake proteases.
Here we have identiﬁed an active form of Snake in vivo that is
processed atypically within its pro-domain. We have shown that
Snake activation occurs during early embryogenesis and depends
on the upstream proteases, Nudel and GD, but not the downstream
protease Easter. We also show that Snake activation is pipe-inde-
pendent. Together with previous work on Nudel, GD, and Easter
activation, these ﬁndings support a conclusion that Snake’s activa-
tion of Easter is the ﬁrst spatially regulated step in the proteolytic
cascade required for establishment of the Drosophila embryonic
dorsoventral axis.
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